ABSTRACT: Eighteen green turtles Chelonia mydas recovered from the Atlantic and Gulf coasts of Florida and Tortuguero National Park, Costa Rica, were diagnosed with renal oxalosis by histopathological examination. Affected sea turtles included 14 adults and 4 immature animals, which comprised 26% (18/69) of green turtle necropsy cases available for review. Calcium oxalate deposition ranged from small to moderate amounts and was associated with granuloma formation and destruction of renal tubules. All affected turtles died from traumatic events or health problems unrelated to renal oxalosis; however, 1 immature turtle had notable associated renal injury. Crystal composition was confirmed by infrared and scanning electron microscopy and energy dispersive X-ray analysis. The source of calcium oxalate is unknown and is presumed to be of dietary origin.
INTRODUCTION
Renal oxalosis in animals is most frequently caused by ethylene glycol intoxication, ingestion of plants containing high levels of soluble oxalate or ingestion of plants contaminated with oxalate-producing fungi. Documented cases in free-ranging wildlife are rare. Toxicosis can either be acute or chronic, and clinical signs result from renal injury and neurovascular oxalate crystal deposition. Low level exposure can be subclinical or have a slow, insidious clinical course as oxalate crystals deposit within the kidneys and cause chronic inflammation.
In this study, we document 18 cases of renal oxalosis in free-ranging green turtles Chelonia mydas from 2 geographical regions, the Florida coast and Tortuguero National Park (TNP), Costa Rica. Cases were reviewed to characterize the extent of crystal deposition and renal injury, and crystal composition was confirmed by infrared and scanning electron microscopy and energy dispersive X-ray analysis. In addition, available necropsy data and materials from animals recovered from both regions also were reviewed to estimate prevalence of renal oxalosis. To the authors' knowledge, this is the first report of renal oxalosis in marine turtles.
MATERIALS AND METHODS
Necropsies. Necropsies were performed on stranded green turtles recovered along the Atlantic and Gulf coasts of Florida by the Sea Turtle Stranding and Salvage Network and opportunistically on carcasses of nesting female turtles killed by the jaguar Panthera onca on nesting beaches in TNP (10°32' 27" N, 83°29' 59" W to 10°21' 17" N, 83°23' 29" W). Including these cases, total necropsy data available for review included 19 immature turtles (straight carapace length [SCL] ≤ 60 cm) and 3 sexually mature adults from Florida necropsied from 1997 to 2005, and kidneys from 47 adult nesting females from TNP necropsied from June to September of 2003 and 2004. Renal oxalosis was diagnosed when birefringent crystal deposition, consistent with calcium oxalate, was visible on standard paraffin-embedded, hematoxylin and eosinstained sections. Amounts of crystals observed in kidney sections were compared between cases and given a subjective score of relative abundance based on examination of all available sections. A 1-plus score was given for rare crystals, a 2-plus for small numbers of crystals, a 3-plus for moderate numbers and a 4-plus for large numbers (Fig. 1) . Differences in the proportions of immature and mature turtles with renal oxalosis were tested for statistical significance.
Electron microscopy, X-ray and infrared analysis. Four representative cases (Cases 1, 7, 8, 9) were selected for analysis of the chemical composition of the birefringent crystals using a combination of infrared and scanning electron microscopy and energy dispersive X-ray analysis (Murakata et al. 2006) . Briefly, 5 µm thick sections were cut from paraffin-embedded formalin-fixed tissue and mounted on aluminum-coated glass slides for infrared analysis and on carbon stubs for scanning electron microscopy, samples were not coated. Infrared spectra were obtained by using a Nicolet Continuum infrared microscope (32 × reflective objective) attached to a Nicolet model 860 Fourier transform infrared (FT-IR) spectrometer (ThermoNicolet) equipped with a liquid nitrogen-cooled mercurycadmium-telluride (MCT) detector (ThermoNicolet). Sample spectra were adjusted based on background spectra obtained from blank regions on the aluminumcoated slide. Adjustable apertures (between 20 and 50 µm) were used to localize the infrared beam in the areas of interest. Spectra were recorded at 4 cm −1 spectral resolution, and 128 scans were co-added to reduce noise levels and provide adequate spectral quality. The measured infrared spectra were compared with those of authenticated samples and to spectra stored in a digital spectral library. The spectrometer was purged with dry air to minimize the effects of absorptions due to atmospheric water vapor and carbon dioxide. A Hitachi model S-3500N scanning electron microscope equipped with a ThermoNoran energy-dispersive X-ray detection system was used for analyzing the elemental composition of the intracellular crystals. Samples were analyzed at an accelerating voltage of 15 kV and a beam current of 25 µA. Carbon peaks were qualified by comparative analyses with samples mounted on aluminum stubs.
RESULTS
Green turtles with renal oxalosis included 6 turtles from Florida and 12 nesting females from TNP. Of the total number of green turtles from both locations for which histological sections of kidneys were available for review (n = 69), 28% (14/50) of adults and 21% (4/19) of immature turtles had renal oxalosis. There was no significant difference between the proportions of affected adult and immature turtles (1-tailed Fisher's exact test: p = 0.3983). Cases included 13 adult females, 1 adult male, 3 immature females and 1 immature male (Table 1 ). All but one (Case 4) were in good nutritional condition as assessed by adipose stores and muscle condition, and most animals died of acute traumatic events, predominantly predation (all turtles from TNP) or trauma (Cases 1, 2 & 5). A single adult female from Florida (Case 3) suffocated following burial in a dune that collapsed on her while she was nesting. One immature female (Case 4) was euthanized due to inoperable fibropapillomatosis and an additional immature female (Case 6) died of fungal tracheitis. Gross changes in the kidneys only were detected in Case 1. In this animal, the medullary regions were diffusely white and firm on section. On histological examination, all cases had sheaves and rosettes of birefringent crystals present within tubular lumina that were associated with a granulomatous inflammatory response (Fig. 2) . Crystals were primarily distributed throughout the cortical re- Table 1 . Chelonia mydas. Details of necropsied individuals, geographic location and severity of crystal deposition (see Fig. 1 for examples of crystal number categories) in green sea turtles. Curved carapace length (CCL) taken from nuchal notch to posterior shell tip. All animals from Costa Rica are nesting females from Tortuguero National Park (B) Crystals (white arrowheads) are more easily visualized under polarized light. Scale bar = 50 µm of lymphocytes and heterophils. In most instances, affected tubules were completely effaced by crystals, inflammation and associated formation of fibrous connective tissue. Fibrosis was most extensive in Case 1 and prominently expanded the medullary regions. Epithelial cells in intact tubules containing crystals were often undergoing degeneration and necrosis, and tubular regeneration was observed in some cases. In addition, the kidneys of most mature turtles had focal to multifocally extensive areas of granulomatous inflammation, mixed granulocytic and lymphocytic inflammation and vasculitis associated with spirorchid trematode eggs. The infrared spectra (Fig. 3) of the anisotropic crystalline material seen in kidneys of the 4 selected cases (1, 7, 8, and 9) exhibited all of the peaks associated with an authenticated sample of calcium oxalate monohydrate and differed from an adjacent area of kidney lacking this material. Additionally, data from energy dispersive X-ray microanalyses confirmed the crystals contained calcium, carbon and oxygen (Fig. 4) . The crystalline morphology and the ancillary tests support identification of the crystals as calcium oxalate.
DISCUSSION
Based on the available necropsy data, renal oxalosis is a relatively common finding in green turtles inhabiting Florida waters and nesting in the TNP. Animals from the TNP may provide the best estimate of period prevalence, which was 25.5% in the study population. Obviously, the necropsy data is very biased towards nesting adult females. The proportion of affected adults was not significantly different from that of affected immature turtles, thus there was no evidence of age-related predisposition or oxalate crystal accumulation in the available study population.
Almost all animals were in good nutritional condition, most were nesting and/or actively feeding and had died from acute traumatic events or unrelated health problems, thus renal oxalosis was assessed to be incidental to the cause of death in all cases. Furthermore, crystals were relatively small in number and the overall extent of tubular injury was relatively minor. However, it is possible that crystal accumulation occurs in some animals and that associated chronic renal injury may become significant. One affected immature turtle (Case 1) had the most severe associated renal injury; therefore, it is arguable whether this animal would have survived to sexual maturity with normal renal function. Unfortunately, no blood chemistry values were available to assess renal parameters. Another interesting feature of this case was the distribution of the oxalate crystals, which where clustered within medullary regions. In contrast, all crystals in the adult and other immature turtles were cortical, as is observed with oxalate toxicosis in mammals. The medullary distribution in the immature turtle could reflect a different pathogenesis.
In domestic species, oxalate toxicosis is often caused by ingestion of ethylene glycol or oxalateaccumulating plants, such as Halogeton, Sarcobatus, Rumex, and Oxalis species (Maxie 1993) . The latter usually occurs when animals are housed in areas with inadequate forage. Food materials contaminated by the oxalate-producing fungi Aspergillus niger and A. flavus are another common source. These circumstances are rare for free-ranging animals, thus there are very few published reports of oxalosis in wildlife. Ethylene glycol toxicosis has been reported in a released captive-bred California condor Gymnogyps californianus (Murnane et al. 1995) and was suspected in a free-ranging polar bear Ursus maritimus (Amstrup et al. 1989) . Subclinical renal oxalosis was described in 12 of 59 wild-caught Japanese macaques Macaca fuscata (Yanai et al. 1995) and oxalate nephrosis was diagnosed in 4 of 235 free-ranging koalas Phascolarctos cinereus (Canfield 1989) . In macaques, oxalosis was presumed to result from ingestion of oxalatecontaining plants.
Exposure of all of the green turtles in this study's 2 geographically distant groups to significant concentrations of synthetic toxicants, such as ethylene glycol, seems unlikely. As in other wild herbivores, renal oxalosis is more likely a result of consuming oxalatecontaining plants or other components of their diet. The diet of green turtles can vary by life stage and by region, but primarily includes either seagrasses or algae (Bjorndal 1997) . All affected turtles from Florida with gastric contents had been feeding on macroalgae, whereas TNP nesting females primarily feed on seagrass (Bjorndal 1997) . To date, no cases of renal oxalosis have been observed in carnivorous loggerhead turtles Caretta caretta which also strand in Florida and are subsequently necropsied at the University of Florida (n = 70).
Oxalic acid or oxalate occurs in soluble and insoluble forms. Pathologic tissue deposition of oxalate and disease are associated with soluble forms, such as the metabolic formation of oxalic acid from ethylene glycol or the ingestion of soluble compounds, such as potassium oxalate (Maxie 1993) . No major sources of soluble oxalate, such as that found in the aforementioned terrestrial plant species, have been identified in the marine environment. In contrast, insoluble oxalates, specifically calcium oxalate, function in calcium regulation and mechanical deterrence of herbivores (in terrestrial systems) and are found in a broad range of photosynthetic organisms, including seagrasses (Janauer 1981 , Dobbs et al. 2004 ), algae (Franceschi & Nakata 2005 ) and marine sponges (Cerrano et al. 1999) . Some mammals may absorb low levels of calcium oxalate (Hanes et al. 1999) ; however, it is unknown whether consumption of insoluble oxalate results in pathologic tissue deposition under any circumstances, such as long-term ingestion. Oxalate absorption and metabolism in green turtles and the concentration of soluble and insoluble oxalates in seagrasses and other marine organisms relative to terrestrial species also are unknown.
The occurrence of renal oxalate deposition in over 20% of examined animals indicates that oxalosis is a common finding in Atlantic green turtles. Furthermore, it suggests that the source(s) of oxalate is encountered with some frequency. Renal oxalosis was regarded as incidental to the cause of death and most likely was subclinical in most, if not all cases reported in this study. Nevertheless, given the notable histopathological changes in the kidneys of an affected immature turtle and the potential for crystal accumulation, oxalosis may impair renal function in some animals and should be assessed during necropsy.
